Supporting information

S3 Appendix. Magnetic forces
The magnetic force generated by a gradient magnetic field on a spherical magnetic particle is
given by equation (1):

F=V(U) =—-1/2V(m - By), (1)
where m is the magnetic moment of the sphere defined as m=Ve M, where V is the particle
volume and M is volumetric magnetization. The magnetization of the MNP depends on the
particle material and magnetization conditions. For a paramagnetic (superparamagnetic)
particle in a weak magnetic field, B=H, the magnetization is given by M=4y H, where
Ay=ym-xw and y,, and y,, are the magnetic susceptibility of the particle and the medium (water),
respectively. A spherical ferromagnetic particle in a weak magnetic field, B=uoH, has the
magnetization M=3H, and, considering the demagnetizing factor of 1/3 for a sphere, the
magnetic field in the sphere is B = ypH + uoM = By — 1/3°uoM + uoM = By + 2/3°upM = 3 B.
If the external magnetic field is above the saturation field for the magnetic material of MNP,
the particle magnetization is M=M;,=const and the magnetic field B =By + 2/3°uoM;,.
Under low-field approximation, the force on a spherical ferromagnetic particle is given by
equation (2):
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In a high external magnetic field that is above the saturation field for the magnetic material of

the MNP, the force equation can be written as:
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